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The article describes a description of a fundamentally new design, 
mathematical model and experimental research of a flexible arm with an 
anthropomorphic gripper for an industrial robot. The advantage of the 
proposed design of the robot arm in comparison with the known traditional 
technical solutions is achieved as close as possible to the functions of the 


human arm. This property significantly increases the versatility of the robot 


arm when performing various technological operations. Another difference 
Keywords: from the known models of industrial robots is the presence of an 
anthropomorphic gripping device in the flexible arm, which allows you to 


Anthropomorphic devices service products with different shapes and arbitrary coordinates in space. In 


Gripping devices addition, the article for the first time proposes a method for calculating the 
Industrial robots parameters of a new hand and experimental studies of its functioning, which 
Manipulators will allow engineers in the field of robotics to create similar designs. The 
economic effect of the proposed design is that the implementation of the 
movements of the proposed robot arm does not require separate 
electromechanical drives for each joint of the kinematic chain of the 
manipulator. This effect significantly reduces the cost of a robot arm while 
expanding its technological capabilities. 
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1. INTRODUCTION 

Modern manipulators of industrial robots, as a rule, are made in the form of an open kinematic 
chain, in which each link has a separate electromechanical drive. The number of these drives determines the 
number of degrees of freedom of the industrial robot. Such technical solutions of robotic arm are widespread 
in industries for various purposes. However, the presence of a separate electric or hydraulic drive for each 
kinematic link increases the weight of the robot arm and its dynamic loads. 

In addition, equipping each joint of the hand and fingers of the gripper with separate motor increases 
energy consumption. The robot arm manipulates the object of production, and its gripper is designed to hold 
various blanks, semi-finished products and finished products. This article proposes technical solutions for a 
robot arm and its gripper in the form of anthropomorphic structures, which expand the technological 
capabilities of an industrial robot, increase its versatility due to the approximation to the functioning of a 
human hand and fingers of the gripper. 

One of the promising directions in the development of robotics is the creation of anthropomorphous 
structures that are as close as possible to the skeleton and human image. This direction is explained by the 
desire to increase the versatility of industrial robots of classical design [1], [2]. Known robot manipulators are 
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capable of performing a wide variety of industrial operations. However, there are many objects with an 
indefinite shape, for example, agricultural products: vegetables and fruits. In these cases, the classical designs 
of manipulators do not satisfy the production conditions. 

At present, original designs of gripping devices for robots are known, which are quite close to the 
device of a human hand. However, these devices operate on a rigid cycle and are not flexible enough for a 
variety of technological operations. For example, a soft robot arm [3]-[5] with tactile feedback for remote 
control is known. This hand is designed to perform complex tasks and ensure safe human-machine 
interaction. However, this hand works only with the direct participation of a person, more precisely the 
operator's hand, on which a glove with tactile sensors is put on to process information about the angles of the 
operator's hand joints. 

A manipulator with several degrees of freedom is illustrated. This manipulator resembles a human 
hand in its construction and contains flexible kinematic links, with each finger having three movable links 
[6]. The manipulator of this robot can grip objects of various shapes, for example, rectangular, cylindrical or 
spherical. But all drives of the fingers of the gripper are made in the form of cables and act simultaneously, 
that is, they do not allow the fingers to work autonomously. Consequently, each phalanx of the fingers does 
not have the ability to work offline. This design has limited options for freeform products. A robot for 
climbing trees is proposed. The flexibility of the body of this robot is provided by the deformation of elastic 
rods with drives [7]. The robot is best suited for video observation of trees, but has a low load capacity. 

In work [8]-[10], studies of the gripping of a robot with electrical adhesion are presented. This 
device allows you to grip almost all objects, regardless of their shape or type of material, using Maxwell's 
electrostatic force. In this work, the lift force of the electrical adhesion device exceeds the grip force of a 
human finger. The original design of the 5-finger grip [11], [12] has an anthropomorphic design, in which the 
fingers consist of separate phalanges, but each finger has a single drive for its phalanges. Therefore, the 
phalanges cannot work offline. A mechanical adjustable device, which consists of flexible rods, can be used 
to construct an anthropomorphic arm for working in 3D space. However, this device does not have a gripping 
element for holding production objects. In works [13]-[17], original designs of anthropomorphic grips for 
manipulators are proposed, but these fingers of these grips work only in 2D space. Due to the indicated 
drawback, this device cannot work in the angular coordinate system of three-dimensional space. The problem 
of adapting the functions of an industrial robot [18]-[20] is not limited to the creation of anthropomorphic 
structures. The solution of this problem also requires the creation of an appropriate optimal control, the 
studies of which are presented in [21], [22]. Prospective studies are projects to create robotic exoskeletons for 
the rehabilitation of the upper limb of a person [23]. These works are examples of adaptation of the 
movement of a robot arm and a human hand. Pedipulators of a mobile robot [24] are made in the form of 
anthropomorphic structures, but this robot does not contain devices for gripping and holding production 
objects. The surgical robot [25] has increased positioning accuracy due to a special program, but four degrees 
of freedom are not enough to simulate the movement of a human hand. The mobile robot [26] has three-tube 
soft drives, and uses vacuum suction cups as a gripper. The flexible body of this robot is as close as possible 
to the likeness of soft-bodied organisms. However, the vacuum grippers of this robot do not possess the 
invariance that is characteristic [27] of the human hand. The above designs of anthropomorphic grippers 
indicate the prospects for their development, which confirms the relevance of this problem. 

It is necessary to create anthropomorphic constructions of a hand and its hand for an industrial 
robot, that is, structures that can function in an arbitrary coordinate system. The robot hand must be capable 
of performing various manipulations with objects in an arbitrary coordinate system, at least close to the 
human hand. Traditional manipulators of industrial robots have an autonomous motor for each degree of 
freedom, which increases the weight of the manipulator and its dynamic loads. Therefore, it is also necessary 
to minimize the number of motors for the hand and arm of the robot. The solution to this problem will allow 
not only to reduce the dynamic loads on the robot arm, but it is also necessary to reduce the energy costs of 
the industrial manipulator. Another important task is the synthesis of models for designing a flexible robot 
arm. 


2. RESEARCH METHOD 

In this section, it is explained the results of research method and at the same time obtained scientific 
novelty. The engineering novelty of the proposed technical solutions consists in fundamentally new designs 
of the robot arm and hand, and the scientific novelty is determined by analytical dependencies for calculating 
the design parameters of a flexible robot arm. The main motivation for these studies is to increase the level of 
versatility of the robot arm with the maximum possible approximation to the functions of the human arm and 
at the same time to reduce the number of motors to reduce dynamic loads during various technological 
operations. 
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2.1. Design of flexible robot hand 

The first of the above tasks is a constructive task. The solution to this problem is carried out as 
shown in: A flexible arm, which is assembled from spherical rings Figure 1(a), is mounted on the base. 
An anthropomorphic gripper is installed on the hand by means of a hinged connection with an electric motor, 
which performs the functions of gripping production objects. The presence of an electric motor is not 
necessary, this motor performs an auxiliary function when the bending of the arm is not enough. The 
anthropomorphic gripper of the flexible arm of the robot is made in the form of a flange on which five fingers 
are placed, namely: thumb, index, middle ring and small fingers. The number of phalanges of each of the five 
fingers is equal to the number of phalanges of the human hand. Each phalanx consists of four pneumatic 
bellows made of elastic material. The design of the phalanges of the fingers is discussed in more detail 
below. A dynamic model of a similar design, but in the form of pedipulators of a mobile robot, is considered 
in [28], [29]. Here we will consider the construction of a flexible arm Figure 1(b). 
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Figure 1. Construction of a flexible arm and its constituent parts (a) flexible arm of a robot with 
anthropomorphic gripper and (b) the design of the robot arm in a section of 1/4 volume 


2.2. Design of robot hand anthropomorphic gripper 

As noted in Figure 1, detail "A", the gripper of the hand is made as close as possible to the human 
hand, namely: the gripper contains five fingers-four fingers have three phalanges, and the fifth thumb has two 
phalanges. All phalanges have absolutely identical design and differ only in geometric dimensions, which are 
proportionally reduced in the direction from the large phalanx to the lesser phalanx. For a better 
understanding of the design, Figure 2(a) shows the assembled phalanx of each toe, and Figure 2(b) shows the 
phalanx in an exploded view of all its parts. 

The phalanges of all fingers contain four corrugated chambers. Each chamber has a small and large 
corrugated shell. When a gas or liquid pressure is created inside the chamber, the corrugated chambers are 
bent in the direction of the small corrugated shell. This is due to the fact that the surfaces of the upper and 
inner chambers have different areas. The left end surfaces in Figure 2(b) of these cameras are installed on the 
cross. This crosspiece has the ability to move along the shaft. The arm, which is rigidly fixed to the flange, 
has a ball joint (hinge), which is connected to the longitudinal shaft. This shaft has the ability to freely rotate 
in the ZXY coordinate system at angles +@-,+@,x,+@, and ends with the same ball joint for connecting to the 
next smaller phalanx of the finger in the coordinate system 21, x1, yı. At various combinations of pressures p1, 
P2, P3,p4 in pneumatic corrugated chambers, these chambers are proportionally bent at different angles in the 
ZXY coordinate system. 
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Figure 2. Robot arm phalanx modules (a) is the assembled view and (b) is the exploded view 
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Thanks to the specified control algorithm, the fingers of the gripper are able to grip and hold objects 
of arbitrary shape. For example, Figure 3 shows options for grabbing fruits (a, b) and vegetables (c, d). The 
elasticity of the corrugated chambers, which are made of a material such as polyvinyl chloride, eliminates the 
possibility of damaging soft objects. The flexible arm of the robot has a similar control. The only difference 
is that different combinations of gas or liquid pressure are generated in flexible arm corrugated pipelines (see 
Figure 2 and Figure 3). 


Forefinger 


Figure 3. Finger gripping options for fruits and vegetables where option; (a) corresponds to grabbing an apple 
(fruit) option, (b) corresponds to grabbing a lemon (fruit) option, (c) corresponds to an example of a hand 
gripping sweet pepper and option, (d) is an example of a hand grabbing tomatoes which are vegetables 


3. RESULTS AND DISCUSSION 

In this section, it is explained the results of the synthesis of analytical dependences for calculating 
the parameters of the flexible arm and its anthropomorphic gripper. At the same time, it was taken into 
account that the hand and its hand work in an autonomous mode, and the coordination of their actions in an 
arbitrary coordinate system is carried out by specialized programming. 


3.1. Simulation of a flexible hand 

The orientation of the flexible arm in space is determined by the program, which is based on the 
analytical dependences of forces and bending moments, as well as on the equations for the coordinates of the 
arm axis bending. Pressurizing compressed air or liquid (e.g., machine oil) creates forces inside the pipelines: 

md? md? md? md? 

MHP ete Pe ee Su (1) 
where d is the diameter of the end surface of pipelines; pı, p2, p3, p4 — pressure in pipelines. 

For arbitrary orientation of the hand, bending moments from the indicated forces are required (1). 
Such moments of forces arise due to the fact that the axes of the pipelines are displaced relative to the central 
axis of the hand by the amount of eccentricity «e»can be seen Figure 2: 


d? d? 
M, = (p — p2)e; M, = (ps — pą)e (2) 


The total moment will be equal to: 


M = |M] = |0, + Wiz)? =" ep,- p) + Os — PAP? 3) 


The bending angle of the robot arm is determined by the formula: 


= Pi-P2\, B= Pa-P2\, 
B = arctg (2) i P3 > Pa; B =T + arctg ==) i P3 < Pa) (4) 


The equations for the coordinates of the arm bending axis are: 
x= Rsino 
y = (R cos ọ — R)cos RO < gs 
z = (R cos ọ — R) sinB 


L 


(5) 


5 


The calculation of an elastic element in the form of a mechanical spring is known. However, in 
order to increase the carrying capacity of the flexible arm, it is advisable to use a flexible rod as a tightening 
element. The tensile force Q of such an element will be: 
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Q F= ptp) E (6) 


As a result of modeling a flexible robot arm, the dependences of the pressure (pı—-p2) difference in 
corrugated pipelines and the bending angle / of the robot arm were obtained as shown in Figure 4, as well as 
the dependence of the bending moment "M" on the angle fof the arm bend as shown in Figure 5. 
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Figure 4. Dependence of the difference in pressures Figure 5. The relationship between the bending 
(pı-p2) in corrugated pipelines and the angle 8 of the moment M and the bending angle / of the arm 


bend of the hand condition 


Obviously, the dependences between the pressure difference (pi-p2) and between the bending 
moment M on the angle f of the arm bending work are almost proportional. A small deviation from 
proportionality is created by the component (Be /L)?, where: e - eccentricity; L - is the length of the pipeline. 


3.2. Experimental studies of the process of bending the arm of the robot 

The purpose of the experiment is to determine the influence on the torque Mı of the arm flexion of 
such factors as the difference in pressure (p1-p2), diameter "d" and eccentricity "e". Let's hypothetically 
represent the objective function as: 


Mı = Cofi 1 — P2)f2 (d) fz (e) > max (7) 
Under the accepted restrictions, the change of variables in (7): 
5 x 10°Pa < (pı — p2) < 15 x 10°Pa;0,02m < d < 0,04m; 0,025m < e < 0,045m (8) 


The results of the experiment are shown in Table 1, indicating the average value of the bending moment of 
the robot arm. 


Table 1. The results of the experiment 


k Torque Mı A n) h oo Average value Mi(Nm) y; = In M; 
plan My, (i) Mz (yi) Mz, (yi) M; Yi 

1 85, (4.44) 93, (4.53) 91, (4.51) 89 4.49 

2 28, (3.34) 32, (3.46) 30 (3.40) 30 3.40 

3 21, (3.04) 24, (3.18) 22, (3.09) 22 3.09 

4 7.0, (1.95) 8.4, (2.13) 8.0, (2.08) 78 2.05 

5 47, (3.85) 42, (3.74) 44, (3.78) 44 3.78 

6 16, (2.77) 18, (2.89) 17, (2.83) 17 2.83 

7 12, (2.48) 17, (2.83) 14, (2.64) 14 2.64 

8 3.9, (0.07) 5.1 (1.63) 4.0 (1.38) 43 1.46 


After statistical analysis according to the classical technique [30]-[34], a regression model of the dependence 
of the bending moment on factors in coded variables was obtained: 


y = 2,97 + 0,53x, + 0,66x, + 0,29x3 (9) 
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The function (9) obtained as a result of the experiment shows thatthe diameter parameter "d" (coded 
designation x2) is dominant for the increase in torque, and vice versa, the eccentricity parameter "e" (coded 
designation x3) has the least effect on the bending torque of the robot arm. Thus, in contrast to the above- 
mentioned in the Introduction section of analog solutions to problems, the data indicate the direction of 
effective control of the torque of the arm of the robot in different planes of the coordinate system. 


3.3. Analysis of the obtained results and discussion 

Unlike the traditional designs of industrial robots’ manipulators discussed above, when each link of 
the kinematic chain of the manipulator has a separate motor, the proposed flexible arm contains a single 
pressure generator in the corrugated elements of the robot arm. Moreover, the specified pressure generator is 
installed permanently and does not affect the weight of the hand. The described approach allows one to 
significantly reduce the weight of the robot arm and, accordingly, also to reduce the dynamic loads [35], [36]. 
The automatic solenoid valves and pressure regulators for compressed air or liquid used in the control unit 
are significantly lighter than electric or other types of motors. 

The use of pressures of compressed air or pressurized fluid, such as machine oil, is determined by 
the technological purpose of the robot arm. If the requirements for the positioning accuracy of the hand are 
not stringent and a high speed of the hand is required, then the pneumatic actuator should be preferred. When 
it is necessary to provide increased positioning accuracy and increased lifting capacity of the hand, then a 
hydraulic drive should be used, because a hydraulic drive has such a well-known positive property as high 
power density. The principal design of the flexible hand is invariant to both pneumatic and hydraulic drive. 
However, the transition to hydraulic drive requires the use of stronger materials and hydraulic automation. 
However, in both cases, the proposed flexible arm of the robot has a free orientation in space. 


4. CONCLUSION 

A fundamentally new implementation of the flexible arm of the robot in the form of a set of 
spherical rings with corrugated pipelines inside, which are controlled by the difference in gas pressure 
(compressed air) or fluid pressure (machine oil), makes it possible to orient the hand in an arbitrary 
coordinate system, including an angular one coordinate system, which is characteristic of the human hand. 
The implementation of the hand gripper in the form of an anthropomorphic structure, namely when the 
phalanges of the fingers are made in the form of corrugated elastic chambers, makes it possible to grip 
production objects of arbitrary shape, as well as objects whose shape is not known apriori, for example, 
agricultural objects: fruits and vegetables. Taken together, these differences in the flexible arm design 
significantly expand the technological capabilities of industrial robots. The proposed methodology, in 
contrast to previous studies, is based on experimental testing of the regression model of the functioning of a 
robot arm, and the created functional dependencies make it possible to program the orientation of the arm 
movement in arbitrary coordinate systems. In addition, the proposed methodology makes it possible to 
calculate the design parameters of the hand depending on its power loads and technological purpose. 
Ultimately, the economic effect of the proposed design is that the implementation of the movements of the 
proposed robot arm does not require separate electromechanical drives for each joint of the kinematic chain 
of the manipulator. This effect significantly reduces the cost of a robot arm while expanding its technological 
capabilities. 
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